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1.  Introduction 


Reccnl  cliemical  laser  tests  at  the  US  Amy  Missile  Command 
(MICOM)  Redstone  Arsenal,  Alabama  liave  incorporated  a real-time  flow 
visualization  diagnostic  for  observing  flow  field  conditions  in  the 
chemical  laser  cavity.  Of  particular  interest  was  tlie  use  of  a holo- 
graphically constructed  lateral  shearing  interferometer  to  calculate 
refractive  index  variations  in  the  flow. 

The  cliemical  laser  utilized  in  this  series  of  tests  is  tlie  modular 
subscale  breadboard  evaluation  device  (MSBED)  I 1]  . i'he  device  was  operated 
as  a cliemical  transfer  laser  in  whicli  excited  UF  molecules  transfer  their 
vibrational  energy  to  CO2  molecules. 

The  MSBED  is  broken  down  into  four  basic  units  (Figure  1):  tlie  com- 
bustor, nozzle  bank,  cavity,  and  diffuser.  The  combustor  supplies  F 
atoms  to  the  primary  nozzles  by  burning  hydrogen  in  an  excess  of  fluorine. 
It  is  regeneratively  cooled,  the  injector  part  being  a hyperthin  platelet 
concept  developed  by  Aerojet  [2].  Nominal  combustor  pressure  was  approxi- 
mately 34  psia  with  greater  than  907,  dissociation  of  excess  fluorine 
molecules . 


CAVITY  SUPERSONIC  DIFFUSER 


Figure  1.  Schematic  of  the  modular  subscale  breadboard  evaluation  device 
(MSBED) . 

Tlie  nozzle  bank  is  a supersonic  two-dimensional  slit  concept  with 
40  secondary  nozzles  alternating  with  39  primaries  I 3] . A schematic  of 
a nozzle  pair  (one  primary,  two  secondaries)  is  shown  in  Figure  2.  The 
CO^  is  bled  into  the  primary  upstream  of  the  throat.  Overall  exit 

dimensions  of  the  nozzle  bank  is  2-in.  high  by  8-in.  long  with  slits 
arranged  vertically. 

The  laser  cavity  has  a pair  of  movable  plates,  top  and  bottom,  which 
serve  as  shrouds  for  confinement  of  laser  gases  (Figure  3).  Shroud 
angles  arc  adjustable  from  0 to  12°.  Purge  boxes  on  the  cavity  sides 
hold  tlie  windows  which  permit  observation  of  flow  in  the  cavity.  Nitro- 
gen purge  in  the  boxes  minimize  the  corrosive  effects  of  IIF  and  DF 
recirculation  near  the  windows. 
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Figure  2.  Split  diluent  boundary  layer  bleed  nozzles. 
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(A)  TOP  VIEW 
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NOTE:  Dimensions  given  in  inches. 

Figure  3.  Chemical  laser  cavity. 
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For  pressure  recovery  demonstration,  the  spent  Laser  j^ases  exit  into 
a supersonic  diffuser.  The  diffuser  lias  movable  top  and  bottom  walls 
similar  to  the  cavity  in  configuration  [ 1] . Each  is  partitioned  into  8 
hinged  plates  of  lengths  2,  12,  4,  4,  and  12  in.  The  plates  are  adjust- 
able and  form  a metal-to-metal  seal  with  the  vertical  sides  of  the 
diffuser.  From  this  point,  the  gases  exit  through  a backpressure  valve 
into  a vacuum  sink. 


2.  Flow  Visualization  Apparatus 

a . Test  Configuration 

A schematic  of  the  flow  visualization  setup  is  shown  in 
Figure  4.  A helium-neon  laser  coupled  with  a spatial  filter  provide  a 
clean  (spatially  coherent)  expanding  beam  of  light.  A large  6-in.  lens 
is  placed  with  its  infinity  focus  at  the  pinhole  of  the  spatial  filter 
wliich  gives  a large  collimated  beam.  The  light  then  passes  through  a 
window  into  the  flow  field  and  exits  through  another  window  on  the 
opposite  side  of  the  chemical  laser  cavity.  A similar  6-in.  lens  is 
then  used  to  focus  the  light  to  a point  at  whicli  the  various  flow  visuali- 
zation tecliniques  are  applied.  A knife  edge  is  shown  in  the  figure. 

This  will  give  a Schlieren  presentation  of  the  flow  field,  the  direction 
of  sensitivity  dependent  upon  the  orientation  of  the  knife  edge.  With 
the  knife  edge  removed  completely,  the  recorded  image  of  the  flow  field 
is  a shadowgraph.  A pinhole  placed  at  the  focus  will  give  an  image 
having  radial  sensitivity.  A holographic  plate  is  placed  at  (or  near) 
the  focus  for  viewing  of  shearing  inter ferograms . A small  lens  is  used 
to  focus  the  image  onto  a TV  or  motion  picture  camera.  For  TV  viewing, 
a video  tape  recorder  with  monitor  is  used  to  record  the  test.  Figures 
5 and  6 show  the  test  equipment  in  place.  A front  view  of  the  chemical 
laser  is  seen  in  Figure  5 with  the  helium-neon  on  the  right  and  TV  camera 
on  the  left.  Figure  6 shows  the  video  recorder  and  monitor  in  place  in 
the  laser  control  room. 


Figure  4.  Real-time  flow  visualization. 
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Figure  5.  Operational  test  coniiguration.  (The  chemical  laser  hardware  is  in  tlie  cent 
photograph. ) 


gurc  6.  Video  tape  recorder  with  TV'  monitor 


The  Schlicrcn  and  shadowgraph  Lcchniqucs  will  not  be  described  in 
detail  in  this  report.  Numerous  articles  have  i>een  publislied  on  these 
standard  methods  I 4 , 5). 

b . Exposure  and  Processing  of  Inter icrometcr  Holograms 

Shearing  interferometers  may  be  designed  in  a variety  of 
configurations  I 6,  7] . In  this  case,  we  chose  to  make  our  own  with 
liolographic  techniques.  Tlie  interferometer  is  made  up  of  one  or  two 
bleaclicd  Fourier  transform  holograms.  The  geometry  for  construction  of 
the  holograms  is  sliown  in  Figure  7.  A 15- nW  helium-neon  laser  beam 
passes  through  a 507o  beamsplitter  cube.  The  two  beams  formed  are  each 
directed  toward  a spatial  filter  aimed  at  the  holographic  plate.  One 
beam  is  attenuated  by  a 307,  transmission  filter.  Using  A-in  by  5-in. 
Agfa-Gevaert  plates,  e.xposure  time  was  approximately  1 to  2 sec  for  a 

-5  2 

combined  beam  intensity  of  5 X 10  W/cm  . The  resulting  hologram  was 
developed  and  bleached  in  a solution  of  potassium  ferricyanide . Table  1 
is  a summary  of  developing  and  bleaching  procedures.  A diffraction 
efficiency  of  207.  was  acliieved  in  first  order  using  this  routine. 


HOLOGRAPHIC 

PLATE 


Figure  7.  Hologram  forming  geometry. 
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TABLE  1.  PROCESSING  OF  IIOLOGKAMS 


Plate 

Agfa-Gevaert  10E75,  4 in.  X 5 in.  plate 

Exposure 

1-3  sec  for  incident  beam  irradiance  of 

- 5 2 

5x10  W/ cm^ 

Development 

D-19  or  Dk-50  diluted  1/5  normal 

strength  for  1 min  or  until  plate  is  N.D.  1 

F ix 

1 min 

Bleach 

57o  potassium  ferricyanide  solution,  2 min 

Wash 

Photoflow  rinse,  3 min 

Dry 

20  min 

An  inter leromcter  may  be  made  from  one  or  two  plates.  A double 
frequency  hologram  on  one  plate  is  made  by  either  rotating  or  translating 
the  exposed  plate  and  taking  an  additional  exposure  [ 8]  . A similar 
effect  is  achieved  by  taking  each  exposure  on  separate  plates.  The  plates 
are  placed  emulsion  to  emulsion  to  form  the  interferometer,  this  config- 
uration having  a greater  diffraction  efficiency  than  a single  plate. 

c . Operation  and  Types  of  Holographically  Constructed  Lateral 
Shearing  Interferometers 

Figure  8 illustrates  the  concept  of  lateral  shearing 
interferometry.  An  incident  circular  cross-section  test  beam  originating 
from  the  left  illuminates  two  holograms  having  a slightly  differing 
dispersion  (v  ^ 0 ,^)  • viewing  screen  placed  in  tlie  diffracted  beams 

will  show  a finite  fringe  pattern  in  the  overlap  of  the  beams.  This  is 
the  principle  of  operation  of  the  lateral  shearing  interferometer  — a 
test  beam  being  "slipped"  and  interfering  witii  itself.  The  arbitrary 
amount  that  the  test  beam  is  slipped  with  itself  determines  the  shear. 
Large  overlap  gives  a low  shear;  a small  overlap,  large  shear.  Figure  9 
shows  the  result  of  a small  pliase  distortion  in  tlie  test  beam  and  tlie 
resulting  perturbation  of  the  fringes. 

A few  of  the  types  of  lateral  sliearing  interferometers  which  could 
be  used  for  either  lens,  mirror,  or  flow  visualization  testing  is  shown 
schematically  in  Figure  10.  Either  lens  testing  or  flow  visualization 
is  pictured.  Case  (a)  gives  a variable  shear  using  two  plates,  the 
shear  proportional  to  the  plate  spacing  [9] . This  case  lias  been  discussed 
with  Figure  8.  Case  (b)  is  used  in  a convergent  wavefront,  each  holo- 
gram having  a differing  dispersion  to  give  two  diffracted  beams  having  a 
common  focus.  Case  (c)  is  a dual  frequency  grating  requiring  a double 
exposure  on  a single  plate.  Two  plates  placed  emulsion  to  emulsion  with 
the  same  dispersion  (such  as  used  in  this  report)  would  be  equivalent  to 
tliis  case. 
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HIGH  SHEAR 


(b)  LOW  SHEAR 


Figure  8.  A lateral  shearing  inter icromcter . 


Figure  9. 


Shearing  ini er ieronietcr  detecting  a waveiront  distortion 


Figure  10.  Examples  of  holographic  lateral  shearing  interferometers. 


l'rin.i;o  lormation  in  a conver^enL  beam  oi  Case  (c)  is  shown  in 
Figure  11.  An  infiniLe  iringe  is  produced  when  tlie  grating  is  at  tlie 
iocus  oi  tlie  beam.  This  results  from  tlie  diffracted  l)cams  liaving  t!ie 
same  Gaussian  reference  spliere.  A small  displacement  of  tlie  grating  along 
the  oiitical  axis  gives  a finite  fringe  pattern.  Tlie  diffracted  beams 
no  longer  originate  at  the  same  point  and  a wavefront  tilt  between  the 
two  beams  is  introduced. 


INFINITE  FRINGE  FINITE  FRINGE 

Figure  11.  Fringe  formation  with  a convergent  beam. 


Figure  12  shows  an  inter ferogram  of  an  f/5.7,  10-in.  paraboloid 
mirror  taken  with  a dual  frequency  hologram  placed  a small  distance 
inside  focus.  The  curvature  of  the  fringes  results  from  the  nonspherical 
surface  of  the  mirror. 


3.  Theory  of  the  Shearing  Interferometer 

The  shearing  interferometer  will  yield  unique  solutions  to 
an  arbitrary  wavefront.  A general  method  for  reduction  of  shearing 
inter lerograms  has  been  given  by  Saunders  110]. 

A set  of  reference  points  are  chosen  as  shown  in  Figure  13(a)  with 
a separation  equal  to  the  amiiunt  of  shear. 

In  Figure  11,  1’^  (v  = 0,  1,  2 ...  N)  represents  the  (N  + 1)  reference 
points  in  one  of  the  images,  W,  of  the  sheared  wavefront  and  the 

corresponding  points  in  the  other  image,  W.  bet  ^ [Figure  13  (b)[ 
equal  to  the  deviation  of  the  wavelront  at  P^,  from  the  corresponding 
point,  T^,  on  a reference  circle,  C,  (to  be  chosen  later),  e equals  tlie 
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Figure  12.  Inter ferogram  of  an  1/5.1  paraboloid  mirror. 


angle  bet-.jecn  tlie  two  images,  C and  C,  of  the  reference  circle  at  their 
point  of  intersection,  and  ,i  equals  the  distance  from  the  intersection 
point  to  Py . The  distance,  p. , is  positive  if  is  below  [Figure  13  (b)J 

the  intersection  of  the  two  circles  and  negative  if  above.  The  deviation, 
is  positive  if  P^  is  on  the  concave  side  of  tlie  circle,  and  negative 

if  it  lies  on  the  convex  side  of  the  reference  circle.  The  distance  from 
Pq  to  P^  (or  from  T^  to  j measured  along  the  circle,  is  always  positive 

and  is  represented  by  v. 

The  separation,  (distance  from  T^  to  T'^  of  the  two  images 

of  tlie  reference  circle  at  any  pair  of  points,  P^  and  P'^  , assuming 

unit  shear)  may  be  obtained  from  Figure  14,  The  centers  of  the  tv^/o 
circles  are  located  at  and  C ' • Tlie  distance  equals  2h , R 

equals  the  radii  of  the  two  circles,  p equals  the  distance  from  E to  T^, 

E bisects  the  line  and  is  the  angle  subtended  by  (v  + p)  at  E. 

Applying  the  law  of  cosines  (from  trigonometry)  to  triangles  EC'j,T'^ 

and  EC.T  we  obtain 
1 V 

= h^  + (p  + S^)^  - 2h  (p  + S^)  cos  (90  - <t) 

2 2 2 

R * li  + p - 21ip  cos  (90  + 4') 
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sheared  laterally  retat.ve  to  rtself. 

Figure  13.  Schematic  showing  two  images  of  a wavefront  slieared 
laterally  to  itself  and  two  wavefronts  relative  to  the  images 
of  a reference  circle. 

On  taking  differences  and  solving  for  we  obtain, 

= 21i  sin  O . (1) 

This  equation  may  be  applied  rigorously,  but  if  the  focal  ratio  (radius 
of  curvature  of  the  circle  divided  by  tlie  diameter  of  tlie  wavefront) 
exceeds  six,  no  significant  error  is  introduced  by  replacing  sin  4'  by 
its  approximate  equivalent,  (v  + p)/R.  Also,  since  the  angle  G will 
always  be  quite  small,  the  value  of  2h  is  approximately  equal  to  R • g 
and  tlie  value  of  in  Equation  (1)  becomes 

Sy  = (v  + lO  G . (2) 


lA 


f 


I£  we  let  represent  the  separation  of  the  two  wavefronts,  W and 
at  P^,  it  is  seen  from  Figure  13(b)  that 


b = & 

V V 


,+Q  "S  — 5 ,+Q 

1 V V V - 1 


e (v  + a)  I 


(3) 


V = 1,  2,  3 . . . N 


All  quantities  that  represent  optical  distances  are  given  in  units 
of  the  wavelengtii  that  is  used.  Accordingly,  these  quantities  should  be 
multiplied  by  the  wavelength  to  convert  to  standard  units  of  length. 

The  quantity  may  be  observed  directly  if  white  light  is  used  to  adjust 

the  zero  order  to  a known  point,  P^,  and  then,  using  monochromatic  liglit 

of  known  wavelength,  observe  the  order  difference  between  points  P^.  and 

P^.  It  is  inconvenient  and  unnecessary  to  use  white  light.  Let 

represent  the  unknown  order  of  interference  at  an  arbitrarily  chosen 
point,  P^,  in  tlie  fringe  pattern  [Figure  13(a)l  and  q^  the  difference 

in  order  (number  of  fringes)  between  this  point  and  P^.  The  order  of 
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inter icrcnce , Q^,  at  is,  therefore,  equal  to  (Q^  + q^) • Tliis  intro- 
duces another  unknown  into  the  equations  of  observation;  but  this  may 
be  replacinj;  the  product  ea  \v/ith  a new  parameter,  r,  such  that 

Cli  = (Qj,  - r)  . (4) 


With  these  values  for  and  Qt  replaced  by  their  res[)ective  equals, 
Equation  (3)  becomes 


, + q + r 
V - 1 V 


VG 


(5) 


Equation  (5)  represents  N equations  that  contain  (N  + 3)  unknowns: 
namely,  (N  + 1)  plus  the  two  parameters  e and  r.  We  need  tlirce 

additional  equations  relating  these  (N  + 3)  unknowns  if  a solutions  is 
to  be  possible.  It  appeared  that  one  could  use  a second  set  of  fringes 
formed  with  a shear  of  two  units,  as  shown  in  Figure  13a.  This  would 
yield  (N  - 1)  additional  equations  of  observations  with  only  two  new 
unknowns;  i.e.,  two  more  parameters,  g.,  and  'c to  be  added  to  the  before- 

mentioned  (N  + 3)  unknowns.  If  N is  6 or  larger,  we  would  liave  as  many 
equations  as  unknowns  and  a solution  would  seem  to  be  possible,  but  it 
can  be  shown  that  these  equations  arc  not  entirely  independent. 

The  do  not  have  significance  until  the  reference  circle,  C, 

shown  in  Figure  13(b),  is  defined.  Any  circle  may  be  defined  by  three 
conditions.  In  analytical  geometry,  these  might  be  the  coordinates  of 
the  center  and  the  radius  of  the  circle.  A circle  might  also  be  defined 
as  the  one  that  passes  through  three  given  points.  The  circle  of  refer- 
ence may  be  fully  defined  by  three  equations  of  condition.  Wlien  these 
are  combined  with  the  set  of  observation  equations  [Equation  (5)]  data 
from  a single  set  of  fringes  is  sufficient  for  a complete  solution. 


The  values  of  the  deviations  may  be  obtained  witliout  knowing  the 
value  of  R.  However,  when  testing  a parabolic  mirror,  for  instance,  the 
deviations  represent  the  difference  between  the  parabola  and  a sphere. 

If  comparison  is  to  be  made  between  the  measured  deviations  of  the  wave - 
front  and  the  computed  deviations  of  a parabola  from  a circle,  the  radius 
of  curvature  of  the  circle  must  be  known.  The  radius,  R,  can  be  measured 
independently  of  tlie  interferometer.  The  ideal  image  point,  E,  (Figure 
14)  or  the  mean  point  of  convergence  of  the  wavefront,  can  be  located 
and  its  distance  from  any  chosen  point  can  be  measured  directly.  Tl\c 
center  of  the  reference  circle  will  be  located  at  the  ideal  image  point 
if  tlie  reference  circle  is  clioscn  as  the  circle  that  best  fits  tlie 
observed  wavefront . This  may  be  done  most  precisely  by  the  method  of 
least  squares.  The  value  of  R is  the  measured  distance  from  the  ideal 
image  point  (point  of  convergence)  to  any  chosen  reference  point  plus  the 
computed  deviation  of  this  reference  point  from  tlie  reference  circle. 
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In  the  test  o£  a concave  mirror,  R is  approximately  equal  to  the 
radius  of  the  mirror.  In  the  test  of  a lens  (simple  or  compound  system), 
R is  the  distance  from  the  point  of  convergence  (image  point)  to  the 
back  surface  of  the  lens. 

Three  methods  for  defining  the  reference  circle  of  "best  fit"  tor 
an  arbitrary  wavefront  are  mentioned  by  Saunders  [ lOj . In  the  flow 
field  studies  outlined  in  this  report,  the  reference  sphere  is  defined 
by  an  inter ferogram  taken  of  the  cavity  prior  to  each  flow  test. 


4.  Test  Results  and  Calculations 

The  inter ferogram  of  Figure  15  was  taken  during  the  steady-state 
portion  of  a test  run.  The  cavity  shrouds  were  set  at  an  angle  of  6 . 

The  test  parameters  are  given  in  Table  2.  These  results  are  compared  to 
a previous  test  under  similar  conditions  in  which  mirrors  replaced  the 
windows  and  closed  cavity  laser  power  was  measured. 

Data  reduction  of  Figure  15  was  accomplished  in  the  following  manner. 
An  unperturbed  inter ferogram  was  taken  immediately  before  the  test  having 
the  same  coordinate  system  and  magnification  as  Figure  15.  A series  of 
reference  points  equal  to  the  shear  displacement  and  along  the  shear 
direction  (chosen  along  the  y-a.xis)  were  placed  on  both  inter ferograms . 

The  fringe  order  at  tlu  se  points  were  measured,  the  fringe  order  at 
eacli  point  on  the  unpertrubed  inter ferogram  being  subtracted  from  the 
order  at  an  equivalent  point  on  Figure  15.  These  deviations  were  summed 
parallel  to  tlie  y-axis  for  each  series  of  reference  points. 

Phase  plots  along  y at  arbitrary  x-positions  downstream  of  the 
nozzle  exit  were  obtained.  The  data  were  then  converted  into  isophase 
contours  of  Figure  16.  Since  the  shear  was  taken  along  the  y-axis,  this 
figure  represents  phase  distortions  only  in  the  y-direction.  A maximum 

O 

phase  difference  A<t  of  2.6  at  the  illumination  wavelength  of  6328  A was 

calculated.  This  represents  a far-field  intensity  degradation  in  the 

central  lobe,  I /I  of  0.95  at  10.6  microns, 
o 

Figures  17,  18,  and  19  are  included  for  comparison.  Figure  17  shows 
an  interferogram  of  a few  (3)  fringes  across  the  cavity.  Figure  18  a 
transients  in  the  chemical  laser  cavity.  Similar  details  of  shock 
structure  are  seen  in  all  three  views. 


5.  Summary 

The  simplicity  of  construction  and  use  of  the  lateral  shearing 
interferometer  lends  itself  readily  to  the  measurement  of  flow  properties. 
The  standard  interferometers  in  this  field  — Michelson,  Twyman-Green , 
and  Mach-Zehnder  - all  require  a reference  beam  to  interfere  with  the 
test  beam.  This  introduces  problems  with  movements  of  optical 

17 
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Figure  16.  Phase  contours  obtained  from  Figure  15.  (Obtained  at  0,6328  (J.  wavelength , sensivity 
along  y.) 


components  during  an  interferogram  exposure  — motions  of  a fraction  of 
a wavelength  are  intolcrabie.  The  sliearing  interferometer,  however,  is 
relatively  insensitive  to  vibrations  because  of  its  method  of  producing 
fringes . 

The  drawback  of  the  shearing  interferometer  is  in  data 
reduction  (the  fringe  pattern  requires  extensive  manipulation  to  arrive 
at  a final  plot  of  phase).  Additionally,  two  inter ferograms  of  the 
same  test  with  orthogonal  shear  must  be  made  for  a complete  description 
of  the  test  wavefront. 
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